INTRODUCTION
Xylose reductase from Candida tenuis (XR; AKR2B5) is a 322 amino acid, 36 kDa protein that is capable of reducing the open chain form of D-xylose to the corresponding polyol xylitol by utilizing either an NADPH or NADH cosubstrate [1] . It belongs to family 2 of the aldo-keto reductase (AKR) superfamily which is made up of 14 different families and approximately 120 members [2] . Its homodimeric nature is unusual for aldo-keto reductases since the majority of these are functional as monomers. Also unusual is its ability to efficiently utilize either cosubstrate [3] . Some of the aldo-keto reductases such as XR have well-characterized functions involving xenobiotic, steroid, sugar, polyketide and vitamin metabolism as well as detoxification of reactive aldehydes. The physiological purpose of many others remains unknown or speculative. Despite this, the development of inhibitors for AKR's including human aldose reductase (AKR1B1), has been a goal for many years [4] .
The crystal structure of XR has previously been determined to 2.2 Å resolution in both apo-and NADP + -bound forms [5] . As seen in the structures of other aldo-keto reductases, the protein folds into a (β/α) 8 barrel, the most common motif seen for enzymes [6] . The protein dimerizes using an unusual hydrophilic patch consisting of residues from loop 4, the loop connecting strand 4 with helix 4 as well as interactions from helices 5 and 6 and the C-terminal loop. These orient the active sites of the dimer in a roughly anti-parallel conformation. The cosubstrate binds across the face of the barrel and helps to form the carbonyl substrate binding site. These structures explain the kinetically observed ordered mechanism where the cosubstrate binds before the carbonyl-containing substrate and dissociates last [3] .
As xylose is a sugar found in abundance in plant cell walls and biomass, an efficient method of converting this into ethanol would be an environmentally preferable method of disposal of many agricultural wastes [7] . Xylose reductase catalyzes the first step of a pathway which allows certain organisms to metabolize xylose. After the reduction of xylose to xylitol by XR in a manner which can utilize NADH (K m = 25.4 µM; k cat = 18.1 s -1 for NADH could alleviate this problem. It has been previously noted that the potential bottleneck in a high flux pathway may be in the pentose phosphate pathway, transaldolase or transketolase reactions. Improvements in the XR k cat values are unlikely to be useful at this point but may become significant if these limitations are removed in the future [10] . The structure of XR was previously determined in apo form as well as complexed with the NADP + cosubstrate [5] . To provide a basis for mutants that might exhibit enhanced NADH specificity, we have determined the structure of XR in a binary complex with the alternate cosubstrate NAD + . In order to understand the cosubstrate specificity in XR and other members of the superfamily, we have compared this structure with the NADP + -bound structure of other aldo-keto reductases that are specific for NADPH.
Attempts to modify cosubstrate specificity have improved the catalytic efficiency of Corynebacterium 2,5-diketo-D-gluconic acid reductase A, a member of the aldo-keto reductase family 5 by approximately seven-fold for NADH [11] . The effects of mutations on residues making salt links with the 2' phosphate have also been examined in human aldose reductase [12] and human 3α-hydroxysteroid dehydrogenase [13, 14] . Both of these experiments indicate although the specificity for the 2' phosphate may be affected by these interactions, it is not solely governed by them. In almost all of these cases, the K m for NADPH in the wild-type enzyme is approximately three orders of magnitude smaller than the K m for NADH in contrast to the five fold difference between the two in wild-type XR. An intermediate situation exists for aflatoxin reductase (AKR7A1) which exhibits a 180-fold smaller K m for NADPH compared to NADH [15] . The crystal structure that we describe here demonstrates the molecular interactions that mediate this dual specificity in XR.
EXPERIMENTAL

Crystallization and Data Collection
Xylose reductase was expressed and purified as described previously [16, 17] .
The buffer was exchanged to 10 mM Tris pH 7.5 and the protein concentrated to 14 mg/ml. Crystals were grown at room temperature by suspending a drop of 7 mg/ml XR, 2.5 mM NAD + a nitrogen stream (100˚ K). Data was collected at Stanford Synchrotron Radiation Laboratory beamline 9-1 on a MAR Research 345 detector and integrated and merged with DENZO and SCALEPACK [18] . Data collection statistics are presented in Table 1 .
Systematic extinctions indicated the spacegroup was C2 with unit cell dimensions a = 180.2 Å, b = 128.3 Å, c = 79.9 Å, β = 90.7˚, similar to the unit cell determined for the NADP + -bound form but different from that seen in the crystals of the apoenzyme [5] .
Structure Determination and Refinement
The unit cell was most similar to the unit cell of an XR His114Ala mutant crystal in a binary complex with NADP + (unpublished results). This mutant structure was stripped of water molecules and used as a starting model. Before any refinement was performed, 8,175 reflections were flagged for the calculation of a free R-factor.
Difference density clearly indicated the absence of the 2' phosphate on the adenosine ribose as well as several side chain and main chain conformational differences. Waters were automatically picked in CNS and manually checked for appropriate hydrogen bonding and electron density. Alternating rounds of crystallographic refinement and manual refitting using the programs CNS and O resulted in the final model [19] . The statistics associated with the final round of refinement are summarized in Table 1 .
RESULTS
Overall structure
The enzyme folds into the (β/α) 8 barrel which has been described previously for XR [5] and other aldo-keto reductases ( Figure 1 ). There are four XR molecules (two dimers) within the crystallographic asymmetric unit. Each of the models consists of residues 4 to 322 out of the 322 residues predicted for the protein. When the NAD + -bound structure is compared to the structure of the apo form of the enzyme, a cosubstrate-induced conformational change is observed which orders the residues composing loop 7 (~220 to 237), the region between β7 and α7 secondary structural motifs ( Figure 1 ). This conformational change, which is probably largely due to the binding of the adenosine portion of the molecule, is also observed when NADP
In the cosubstrate-bound form, the 4-pro-R position of the nicotinamide ring is presented for hydride transfer to the substrate carbonyl carbon agreeing with the biochemically observed stereospecificity of XR [21] . Tyr52 functions as a general acid in the reduction reaction and is activated by Lys81 and Asp47 which complete a catalytic triad, similar to that seen in other AKR's. These residues are in a conformation identical to the NADP + -bound structure indicating that the catalytic mechanism is preserved.
The carbonyl-containing substrate binding site is formed by residues flanking the invagination atop the A face of the nicotinamide of the substrate. This surface is potentially formed by residues from either loops or β-strands from repeats 1, 2, 3 and 4
and several residues from the C-terminal loop of the enzyme. In addition, the cosubstrate-induced conformational change moves several residues from loop 7 thereby completing the active site [5] . 
DISCUSSION
Why are most aldo-keto reductases specific for NADPH whereas XR can efficiently utilize either NADPH or NADH? To address this question, we compared the structure of the NADPH-specific human aldose reductase (AR; AKR1B1) bound to NADPH (Protein Data Bank accession number 1ADS) with XR bound to both cosubstrates. The ability of XR to undergo key side chain conformational rearrangements and to make alternate interactions with the 2' and 3' hydroxyls in the absence of the 2' phosphate appears to be the answer. In addition to this, extra secondary structural elements are present in XR which constrain the main chain conformation and also aid in the dual specificity.
Residues Glu227 and Asn276 primarily mediate the interactions with the 2' and 3' adenosine ribose hydroxyls. The more important of these two is the carboxylate of an important role in cosubstrate binding in these as well. In XR, Glu227 occupies space on a very short helical region, apparently unique to AKR family 2, which provides rigidity thus preventing a similar interaction with the lysines which are conserved. The aspartate in AR is on a more flexible loop which allows it the conformational freedom necessary to form salt links with the lysines. A similar situation is seen in the majority of other aldoketo reductases that have been structurally characterized in the holo form. In these cases, the carboxylate is therefore unavailable to make the important interactions with the 2' and 3' ribose hydroxyls.
As a result of a 4 amino acid insert in XR that forms a short helix, Glu227 is somewhat displaced from the position Asp216 occupies in AR and is therefore unable to make the salt bridge bridging the cosubstrate and fastening it into its binding site ( Figure   2B ). This insertion appears to be unique to AKR family 2 ( Table 2 and Pachysolen tannophilus (AKR2B3) also exhibit clear dual cosubstrate specificity [24, 25] . There is conflicting information, however, regarding XR from Candida tropicalis (AKR2B4). One report suggests that it is specific for NADPH [26] while others show dual specificity [27, 28] . Since a key determinant for NADH specificity appears to be Glu227 in C. tenuis XR, we examined this position in the other XR's. Residues in all four enzymes are well conserved in this region suggesting that the tertiary structure is also conserved.
Outside of family 2, most other structurally characterized AKR's bind NADH weakly (>1 mM affinity) with the exception of aflatoxin reductase (AKR7A1) which utilizes NADH slightly more efficiently with a K m of 480 µM [15] and rat 3α-hydroxysteroid dehydrogenase (AKR1C9) with a K m of 39.8 µM [14] . Aflatoxin reductase is similar to XR in much of the main chain trace and in its ability to form dimers. The general mode of cosubstrate binding is also fairly well conserved but the atomic interactions mediating adenosine 2'-phosphate binding are divergent [29] . There are several possibilities for which residues make contact with the 2' and 3' hydroxyls in a putative NAD(H)-bound
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AKR7A1 model but none appear to be optimal. One possibility includes Glu216, the residue structurally homologous to Glu227 in XR. To make effective hydrogen bonds with the sugar oxygen, its carboxylate would have to move more than 10 Å, displacing numerous residues in the region. For this reason, it is too speculative to attempt to predict conformational rearrangements that might accompany NADH binding in AKR7A1.
AKR1C9 has Asp224 which might be considered homologous in function to Glu227 in XR based on sequence alone but several factors may make this difficult.
Based upon the structure of the AKR1C9 ternary complex with NADP + and testosterone Analogous residues can also be seen in other dual-specificity family 2 members.
Despite the fact that other AKR's outside of family 2 are able to utilize NADH they lack the carboxylate-containing residue critical for interaction with the 2' and 3' hydroxyls and therefore catalyze the reaction with a lower efficiency using NADH or use alternative residues to mediate efficient utilization. 
